We study hadronic molecular states in a coupled system of J/ψN − ΛcD ( * )
I. INTRODUCTION
In 2015, the LHCb experiment announced the observation of the hidden charm pentaquark P c (4380) and P c (4450) [1] [2] [3] . The mass and width of P c (4380) are M = 4380 ± 8 ± 29MeV and Γ = 205 ± 18 ± 86 MeV and those of P c (4450) are M = 4449.8 ± 1.7 ± 2.5 and Γ = 39 ± 5 ± 19MeV. Their spins and parities are not well determined; most likely J P = (3/2 − , 5/2 + ). Some theoretical works were done before the LHCb result in Refs. [4] [5] [6] [7] [8] .
After the LHCb announcement, there are many theoretical analyses based on the hadronic molecule picture [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , diquark-diquarkantiquark (diquark-triquark) picture [26] [27] [28] [29] [30] [31] , compact pentaquark states [32] [33] [34] , and triangle singularities [35] [36] [37] [38] [39] [40] . The decay behaviors are studied in Refs. [41] [42] [43] [44] .
In Ref. [20] , effect of Σ * cD − Σ cD * coupled channel is studied in the hadronic molecule picture for the hidden charm pentaquark with I(J P ) = 1/2(3/2 − ), by using the one-pion exchange potential with S-wave orbital angular momentum. It was shown that there exists a bound state with the binding energy of several MeV below Σ * cD threshold, which is mainly made from a Σ * c and aD. In Ref. [21] , the coupled channel effect to Λ cD ( * ) was shown to be important to investigate the P c pentaquarks. In Ref. [44] , decay behaviors of hadronic molecule states of Σ * cD and Σ cD * to J/ψN are studied and it was shown that the contribution of J/ψN is small for the P c (4380) as the Σ * cD molecule. However, in our best knowledge, study of the effect of J/ψN in full coupled channel analysis, which reproduce both the mass and width of P c (4380), was not done so far.
In this paper, we make a coupled channel analysis including J/ψN in addition to Λ cD ( * ) − Σ ( * ) cD ( * ) with Swave orbital angular momentum. Here we construct a relevant potential from exchange of one pion and D ( * ) mesons. Our result shows that both the mass and width * yshimizu@hken.phys.nagoya-u.ac.jp † harada@hken.phys.nagoya-u.ac.jp of P c (4380) are within experimental errors for reasonable parameter region, and that the effect from J/ψN channel is very small. In other word, the observed mass and width of P c (4380) are well reproduced dominantly by one-pion exchange potential for Λ cD
Since the one-pion exchange potential for
coupled channel is same as the one for Λ cD ( * ) − Σ − having the mass and width close to those of P c (4380), which we call Ξ * cc (4380). In the latter half of this paper, we demonstrate that Ξ * cc (4380) does exist in our model, which actually has the mass and width quite close to those of P c (4380). This paper is organized as follows: In Sec. II, we show the potentials which we use in our analysis. We study the pentaquark P c (4380) in Sec. III, and the doubly charmed baryon Ξ * cc (4380) in Sec. IV. Finally, we will give a brief summary and discussions in Sec. V.
II. POTENTIAL
In this section, we construct a potential for our coupled channel analysis based on the heavy quark symmetry and the chiral symmetry. We include one-pion exchange contribution for Λ cD ( * ) −Σ 
The pion field is introduced by the spontaneous chiral symmetry breaking SU (2) 
where ξ = exp(iπ/ √ 2f π ). The pion decay constant is f π ∼ 92.4MeV and the pion fieldπ is defined by a 2 × 2 matrixπ
The interaction Lagrangian for the heavy meson and pions with least derivatives [46] [47] [48] is given by
where g is a dimensionless coupling constant. The explicit interaction terms can be written as
by expanding the A µ and H fields. Note that the DDπ interaction term is prohibited by the parity invariance. The coupling constant g is determined as |g| = 0.59 from the decay of D * → Dπ [49] . The sign of g cannot be decided by the above decay, however we use g = 0.59 in the following analysis.
For introducing Σ c and Σ
We include J/ψ together with η c using acc spin doublet field J as [51, 52] 
In the following analysis, we use only (J/ψ) µ field. The interaction of J to the heavy mesons D ( * ) and its antiparticlesD ( * ) is expressed as [51]
where
The field H is defined in Eq. (1), and its anti-particle field H A is defined as
We estimate the value of the coupling constant G 1 by comparing it with the φKK coupling. Regarding the strange hadrons as heavy hadrons, we can write the effective Lagrangian for φKK in the same form as the one in Eq. (12) . Using the value of φKK coupling G 1(φKK) determined from the φ → KK decay:
, we estimate the value of G 1 as
. (14) The Lagrangian for the interactions among single heavy baryons, D ( * ) mesons and nucleons is given by
We estimate the values of G 2 and G 3 using g ΣcDN = 2.69 and g ΛcDN = 13.5 [42, 44, 53, 54] . Considering the differences of the normalization of a heavy meson field by √ m D , we estimate them as
Here the factor −
comes from the coefficient in Eq. (8) . The estimations of the values of G 1,2,3 are very rough. We will discuss the effects of ambiguities in the folllowing sections.
We constract the one-pion exchange potential and one D ( * ) meson exchange potential from the above interaction Lagrangians. We introduce the monopole-type form factor,
at each vertex, where Λ is a cutoff parameter, m a and q are the mass and momentum of exchanging particle, respectively. Although the cutoff parameter Λ may be different for pion and D ( * ) meson, we use the same value in the present analysis for simplicity. Including this form factor, the exchange potentials are written as
where G ij denotes the coefficients, coupling constants, spin factors, and isospin factors for each (i, j) channel.
The explicit forms of potential are shown in the following sections.
III. NUMERICAL RESULT FOR PENTAQUARK Pc(4380)
We consider the
coupled system with S-wave orbital angular momentum. We solve the coupled channel Schrödinger equation, using the potential V (r) given by a 5 × 5 matrix expressed as
where C a is defined in Eq. (19) . The wave function has five components;
We use m π = 137. Table  I . In this calculation, we vary the cutoff parameter Λ from 1000 to 1500 MeV. For the coupling constant g 1 , we use g 1 = 0.942 estimated in a quark model [54] as a reference value, and study the g 1 dependence of the results using g 1 = 0.753 and 1.13. To obtain the bound and resonance solutions, we use the complex scaling method [55] [56] [57] and Gaussian expansion method [58, 59] .
The resultant complex energies are shown in Table I . When the cutoff parameter Λ becomes larger, the mass and width become smaller. In our ranges of Λ and g 1 , the bound state solution which has the real energy below the J/ψN threshold does not appear. The solutions of Λ = 1200 and 1300 MeV for g 1 = 0.942 can reproduce the observed mass of P c (4380), 4380 ± 8 ± 29MeV and width, 205 ± 18 ± 86 MeV. However, there exists another resonance state solution, the mass of which is 4283.1MeV for Λ = 1200 MeV and 4227.1MeV for Λ = 1300 MeV. These lower states are not observed in LHCb experiment, therefore we consider that these parameter sets are unlikely. On the other hand, for the Λ = 1000MeV and g 1 = 0.753, we obtain only one resonance state which corresponds to P c (4380). Its mass, 4390.2 MeV, is slightly above the Σ * cD threshold, so this state is interpreted as a resonance state of Σ * cD molecule.
IV. DOUBLY CHARMED BARYON Ξ * cc (4380)
We study the doubly charmed baryon as a hadronic molecular state in this section. ReplacingD and excluding the J/ψN channel from the calculation in Sec. III, we construct the ccstate which has the same flavor quantum number as the ccq baryon has. The interactions of one-pion exchange is not changed by the replacement of D ( * ) meson. Therefore, the corresponding potential matrix is a bottom-right 4×4 block of Eq. (21):
The wave function has four components;
We investigate the dependence on the cutoff Λ and coupling constant g 1 in the same range as in Sec.III, and show the numerical results in Table II. Comparing the  results of Table I and Table II , they have close mass and decay width. For Λ = 1200-1500 MeV, we obtain bound state solutions whose masses are below the threshold of Λ c D * . Since the mass and width of P c (4380) are not within experimental errors for Λ ≥ 1100 MeV, 1 the bound state below Λ c D * is unlikely to exist. On the other hand, when Λ = 1000 MeV and g 1 = 0.753 are used, for which the mass and width of P c (4380) are within experimental errors, the mass and width of the doubly charmed baryon are M = 4370.1 MeV and Γ = 68.7 MeV, which are close to those of P c (4380). This means that, when the hidden charm pentaquark P c (4380) exist as a hadronic molecular state, a doubly charmed baryon with same spin and parity exists, and its mass and width are close to P c (4380), which we call this doubly charmed baryon Ξ * cc (4380).
1 As we stated in the previous section, there are a few parameter choices for which the mass and width of Pc(4380) are reproduced even for Λ ≥ 1100 MeV. However, there is another state lighter than Pc(4380), so that these parameter choices are unlikely.
V. SUMMARY AND DISCUSSIONS
We investigated the coupled channel of the
− with S-wave orbital angular momentum. We constructed the one-pion exchange and one-D ( * ) meson exchange potential and solved the complex scaled Schrödinger-type equation. We showed that, for Λ = 1200-1300 MeV, there exists another state having mass and with smaller than P c (4380), while for Λ = 1000 MeV and g 1 = 0.753, there exists only one molecular state having the mass and width within errors of experimental values. This shows that hidden charm pentaquark P c (4380) can be explained as a S-wave hadronic molecular state.
We studied the coupled channel of the
− with S-wave orbital angular momentum. Since the one-pion interactions forD ( * ) mesons are the same as the ones for D ( * ) mesons, we obtain a Ξ cc state with J P =
2
− as a resonance state whose mass and width are very close to those of P c (4380), which we call Ξ * cc (4380). We think that the same mechanism applies for P c (4450): When P c (4450) is described as a hadronic molecular state, there exists a doubly charmed baryon which has a mass and a width quite close to P c (4450).
Although we do not evaluate the partial decay width for J/ψN in this paper, we can see that the partial width is much narrower than that for Λ cD * in the following way: When we omit the contribution from J/ψN channel to P c (4380), the relevant potential become the same as that for Ξ * cc (4380) . This implies that the resultant mass and width without J/ψN channel is already close to the ones with J/ψN channel. This is consistent with the analysis of decay behaviors in Ref. [44] .
Comparing the results of P c (4380) and Ξ * cc (4380), we can see that the contribution of the J/ψN channel to P c (4380) is small. This is consistent with the naive prospect of the supression of D ( * ) meson exchange potentials. Our evaluation of the coupling to the J/ψN was very rough, so that the values used in this analysis include some ambiguities. Furthermore, there may exist other contributions which couple the J/ψN channel to from J/ψN channel is very small consistently with the result in Ref. [44] .
In the present analysis, we do not include the decay of Σ * c → Λ c π for Σ * cD ( * ) state. The width of this decay is about 15MeV [49] , so it makes the total width of P c (4380) broader [44] .
We used only one-pion exchange potential for Λ c D ( * ) − Σ ( * ) c D ( * ) coupled channel in the analysis of Ξ * cc (4380), which is the same as the one for Λ cD ( * ) − Σ ( * ) cD ( * ) coupled channel in the analysis of P c (4380). Then, we obtained the mass and width of Ξ * cc (4380) very close to those of P c (4380). When we include the effects of ω meson exchange, difference between DDω and DDω will generate some differences of the mass and width [60] .
There are some theoretical predictions of ordinary ccqtype baryons in J P = 3/2 − [61] [62] [63] [64] [65] [66] [67] . In Ref. [67] , the mass of 3P -state spin- We expect that the precise properties of P c pentaquarks and the existence of excited Ξ cc baryons would be revealed in future experiments.
